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Although mmy measurements of the UP* of actinides from mil by p h t  ~ P S  
have rather 1- variations haw bten Obsmcd (XAEA, 19942 Such 
variations result from aerences in soil C$araaefie M d  properties of he 
donudidcs, m p  spcdcs a d  tissms, snd other T h a  prodrice 
hrge un-tjs for bmnan health and a01o@cal risk aoesSmeOP m k ~  site- and 
~n~~on-speci f ie  -tr tap be made prior to the performan~e of risk 
CaIculatiOas. 
This study documcats radionuclide aptake by garden crop grown under rather 

m u d  d i o n s ,  a-iy on the exposed lake bed bc Par Pond, a former adear 
feactor cooling impom- (Seel et aL. 1995). Par Pond, a large reservoir that 
served as part of the cooling system br two nuelear materials production reactors on 
the Savannah River Site near Aikca, South Carolina, USA, was lowered in 199 1 due 
to concerns about the integrity of the dam which fonns the impoUnament. Becaw of 
the presence of radionudide wntaminatiou, the exposed 5.3 km' of lake bed was 
dedared an operable unit under the comprehensive EnvirOnmenta Response. Com- 
pensation, and EbiIity Act (CERCLA) by the US. Environmental Protection 
Agency in April 1992 (Marcy et aL, 1994). One regulatory requiremeat mder 
CERCLA is 8 lifetimt hnman health iisk assessment of various management optioas 
for dealing with con- sites, such BS the Par Pond lake bed The work 

241Am. aacf ='U by crops grown on the lake bed and ingested by 
hypothttical residents or the 
'The study addressed the foUowing questions: (1) Whet are the plant/sail concentra- 

tion ratios (CRs) for three anti~~pogenic and two naturally occuning actinides in 
representative food crops that might be grown on the lake bed? (2) Does p l a t  uptake 
of ~ d e s  d i k  U O a g  aOPq p h t  tissue type& and radionuclides at this site? (3) 
How do the CR values compare With other values in the literatun? and (4) m a t  is the 
=mParative magnitude or the hypothetical U t h  risk born c o e n g  crops mn- 
t-g these actinides when compared to risks Ziom consumption of the Saflle crops 
contaminated with '"CS The latter was addressed by See1 et al. (1995) asing dam 
&om the same garden plots. 

d e s u i i  hen was designed to provide site-spedk data on the uptake of 339*u0 pu, 
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a tributary of the Savannah River. Par Pond provided a large portion of the water 
used to cool two reactors 'P' and 'R'. Actual records of actinide releases h m  these 
reactors to the Par Pond system are incomplete (Carlton et at, 1992a). Howevtr, 
based on measured rdeases of '"Cs fiom R reactor (the main source) to the Par Pond 

Pod B (Whicker et al, 1990) and Par Pond sedbcm, roughly 2 x 109-2 x 1O1O Bq af 
each anthropogenic actinide m this study must have been reieased to the cooling 
system. Using '''(3 inocotow estimates and ~ " ' C s  ratios in sediments, we 
estimate the anthropogenic actinide inventories in Par Pond itself to range b m  
rou5hly4 x 1 0 8 4 ~  109 Bq, and the conesponding average depositions to range €tom 
about 40400 Bqm''. Depositions (Bqm-3 an spamy variable in the Par Pond 
cco8~rstem due to compkx erosional and sedimentation processes (Connor et al., 
1997). 

in March of 1991, eviEEena of m t c d  erosion of the Par Pond dam was discovered. 
For afetg reasons. the memoir water level was lowered about 6 rn between 21 June 
a d  19 Scptcmber 1991, resulting in the exposure of roughly 53 km' ofcontaminated 
setbent. This caused a complex series of ecoIogkd impaaS (Whicker et aL, 1993), 8s 
well as changes in the dynamics of "'Cs (Whicka et aL, 1997), and probably other 
long-lived radionuclides This also raised questions of whether the dam should be 
repairrd and the impoundment rermcd, or whether the reservoir should be paaiany or 
completdy drained for an ind&ite period of time (Marcy et & 19%). 

S- ( - 82 x 10" Bq; carlton et d., 1992b). and d i o d d e  ratios m e a s ~ r e d  in 

A gardca plot was estabIished in an accessible.- previously under 05-20 m of 
water. Prior to the drawdown, this location was characterized by extensive macro- 
phyte beds and a severalcentimeter-thick surface layer of organic detritus, silt, and 
day particles, underlain by a sandy substrate 

More consuucting the garden plot, nhe Soil samples (0-ISan in depth) were 
colIected,homogenized,andsent to theUninrsitgofGeorgia'sSoilTestingand Plant 
Anaiysis Laboratory in Athens, Gk for nutrient assay and meOSUcemmt of the 
characteristics necessary to determine the proper fdar supplements to  OW UOPS 
successfully on the site Results indicated the verticaIly-mixecj soil to be vay sandy 
(range = 7844%; mean = 89%X low in day (range = 0-14Y6 m a  = 5%), depleted 
in organic matter (range = 0.745%; mean = 1.5%), IOW in p o w i m  (nns =- 
13-32 pg g-l; mean = 20 pgg-'h and acidic @H range = 3-8-42 meotl= 4.0). The 
CIay minerals in Pa Pond sediments have been found to be 85% kaolinite, 7% illite, 
and 8% mixed chlorite/venniculi~ (Ruhe & Matney, 1980). 

SoiI was tilled to an average dqtb of 23 RP A 13 x 5 m garden plot was divided 
into five randomized blocks. &or to planting, d blocks were 1- (70 gm-* 
lime, 5.6 gm" superphosphate, 1-4 gm" ammonium Gate, 3.5 gm-l migesium, 
03 gm" manganese; Q8 gm" iron, 0-4 gm" copper, 0.3 gm'' bora, 0.6 gm-' 
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zinc, and 0.0003 gm'f molybdentrm). Two blocks te#ived 3.8 gm" K$O& three 
blocks received no KtSOY The addition of K8O4 raised the mean potasShx 
concentration &om 20 to - 25 pgg". top tutnips ( f i e  r a p  ~ ~ p r h i k -  
globe) were started from seed in a grecahouse prior to transplant@ to the outdoor 
garden. Bush kans (Phaswltu Oulscais), and sweet corn (2- moys var. dw queen) 
were seededdirealy m the gardee 
Although e o n  rnczsmwmaB were not made, we believe that our expen- 

mental conditions pduced data primariEy d e d ~ ~  of' root uptake from the soil, 
rather than rtsuspMsioa First, thesoil was tined, so only a smallhction( < 1%) of 
the contamination would be subject to wind fwuSpeOSion or rainspiash. Secondly, the 
plotwassmaIl,~~surroundedbyafabricfence,whichexcludtdanimalsandreduced 
wind velocities Third, the soil was $cscratly moist during the study. FidIy, the crops 
themselves grew rapidly and produced a significant protective cover. 

Alter fertizization of the garden plots but prior to planting the crops, a 5 a a  
dismeterxMcm long soil core was taken 1 rn from each end of each row and diffctly 

harvest lndividpaI core samplcs were homogenized and then oven dried (78°C). 
Crops wete irrigiaed with uncontaminated well water as n v ,  and grown to 

maturity. Afkr the crop had grown to maturity, they were harvest4 thoroughty 
rinsed in tap waW to remove any visiik sadace sd, patted dry, and stored in 
a fnezer. plant tissues were t h d  at morn tempemme, o m  dried clsoc), grouad, 
and thea stored in air tight bottles for actinide analysis. Composite samples from 
more than one plant were prepared when neceswy. 

3.3. Radiwrrrrtyticol pnacedures 

in the center of each row (n = 15). Similnr coring was also carricd out foU0wiag crop 

Soils and harvested plant tissues were mined at SOOC, aliquots wcighed out and 
then asbEd at SWC The ashed residues from 3-10 g of dry soil or h m  2-30 g of dry 
plant material were extracted three times with near-boiling 6 M HQ. The acid extract 
solutions were evaporated and converted to 8 M HNO3 in order to begin a seqwnce 
of ion exchange and radiocttemical WparatiOns desigaed to isolate plutonium, ameri- 
cium (plus Cunm), thorium, uraniunr, and certain otber radionudides of intaest The 
separated actinides were electrodeposited onto stainless-steel dixS and counted with 
a law bckgronnd alpha spectroscopy system. ApproPriatc isotopic dilueak of very 
high purity wen introduced into the initial as&& residues. Details of the methodology 
can be found in Wahigrea and Orlandhi (19821, Fried et al. EUl, Nelson and 
Orlandhi (1986), KapIan et aL (1994). and Edgington et d. (1996). A technique for the 
final isolation of uranim is presented hen as 80 example. 

P d h b x y  separation ofpIutonium and tho* (don adWllge from 8 M 
HNOd the uranium beaMg matrix solution was evaporated, ~ ~ V ~ r t e d  to 9 M HCI 
mrl passed through a column of anion exchange resin, The complex cbloride anions OF 
u m h n  and iron were Stlatively retained and separated fmm mast other elements in 

- 



this dep. The uranium and iron were readily removed from the chloride anion column 
with dilute HQ (0.1-1 M). The duatt was evaporated to drymss. If iron was abscnt 
(< 0-5 mg) uranium was immediately electrodqositcd and assayed by alpha spectro- 
scopy. To separaa uranium from any iron (>aSmg) p e n t ,  the d u e  or an 
aliquot of the uraniumiron fraction was taken up in 1-2 m18 M HNOI and applied 
to a small d u m a  (5x75rrrm, 2 ml POL) of anion exchange resin (Dowex 1x8 

acumdate 6 or 7 ml total rinse Becaasc iron forms no nitrate complex in strong 
nitric& it was eluted from theresin column with a fkwd of& The umaium, 
however, having a distriiutioa coe&ht of 20 mlg" in 8 M HNOb had moved 
down the column but was e&aiveiyntaincd dadng the small volume rinse step. The 
uranium was then ceadily eluted fiom the resin column with dilute H Q  elm- 
trodepositai and assayed as abvi= 

100-20Q m h ) .  The CO~WIUI W ~ J  tbes rinsed with 1 ml aIiq-ts d 8 M  HNO, to 

Since thc data were strongly s k d  and charactars tic of In-normal distributians, 
all statistical analyses were conducted on the normalized, In-transformed data Them 
fore, geoplcrric means and geometric standard deviations are reported throughout 
Difkaxs among h-transfomed were determined &om Boderromis multiple 
Cornparisan procedure F A T ,  1992). 

Aaivity concentrations and associated statistics in garden soil for the adinides 
studied arc shown m Table 1. The geomhc mean activity concentrations of the 

334 Bq kg-5 wrhile those of the MtdY-occUrriIXg -des were roghly an order- 
ocmagnitnde higher, 29 and 25 Bqkg" for '3zTh and '"U, resHve.1~. The values 

mthqopic d o n &  (241Am, 244- md 239.240p~ ) gxI from 0.45 to 
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for ='TII and 23aU appear to represent natural concentrations, both ol which an 
rep~aed to be ia the g m d  range of - 10-50 mkg" m soils (NCRP, 1976)- Some 

of uranium have been documentd at the Savarsnah River Site, but so tkr as 
we afe aware, no releases to the Par Pond system were reponed (Evans et & 1992). 
The values for ail a&nides arebefieved to be Eairly robust, since they are based on 
12-1 5 well-homogeaized soil samples [rom the garden plot. These values were used in 
the calculation OF plant/scd concentration ratios. 

Geometric rn'eaa aaivity concezlpatioLLs in crops ranged from a low of 
0.08 mBq kg' ' for 2'92*% m corn kernels to a high of 156 mBq kg" for a38U in 
rnfaip greens (Table 2). Geometric standard deviations ranged from 1.1 to 27, with an 
averape of 1.6 across all crops aod acthides Analysis of variance performed on the 
ln-transformed data revealed sienifieant diffemcei among the five actinides 
(p < O.OOOl), among t& various IXOP tissues (p <O.OOOl), .and tbat s i g a i s a t  
crop x actinide interactions occumd (p < 0.OOOl). Results for "'Am and ''%n arc 
shown for plots with (K) and withoot (NK) potassium sulfate fertilizer becaw 
fertilizer effkts were signScant (p = 0.01) for these actinides only; although a general 
tread of reduced activity concentration due to potassium suIfate additions was 
suggested €or all the radionuclides studied (Fig I). All crop tissues took up Iw "4'Am 
whea fertilized, whiIe the hi l izer  afiect for '4*cm only occurred in bush kaas and 
corn (Tabie 2). 

The appamt effect of K$O, feailiim on '"Am and l%m was not e*pated. 
Fertilization had a dramatic impaa on '"Cs uptake h tbe same s!udy plots as ours 
(Sed et & 199% in agreement with many other studies, but we are not aware of 
a similar effect for actinides It is possible that the SOTz ion assoCiated With the 
potassium amendment was involved, rather than K itself. In Gact. K'SO., fertilit;ltio~ 
was dcula ted to have increased the initial K concentration by Only - 25%. Po&& 

plant growth resulting brn the K2S0, tertilier application might be 
expected to -use growth dilution and reduced concentrations. Significantly i n c m  
P w t h  ofcom in response to K2S0, fertilizerwas observed, but no comparable effect 
was &dent Tor 

. 

beans or turnips   eel et a ~ ,  1995). 
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Rankings in activity concentrations by crops and tissues for each actinide are 
shown in Table 3. Signiscant (p e 0.05) d8exences among crops are shown In all 
cases, turnip greens exhiibiteci higher uptake than all other crops and corn b e l s  had 
the lowest. Only in the case of *’%I, did turnip tubers have significantly merent 
activity co~cwtrations ham bush beans. DiEerences in actinide uptake among plant 
specks and among d S i i t  tissues have been observed by others Piader et aL(199O)i 
also showed that tom kernels exhibited very low arrumulation of Pu isotopes relative 
to other of the corn plant; and ScImckhhe and Cline (1980) have shown legumes 
to accumulate more aaiVity than grasses, and seeds to accumulate much less than 

The comparative uptake of the actinide elements by plants is afkcted by numerous 
&t&4 physical and biological conditions in the so5 The combined effects of these 
conditions, as Wen as the individual chemical properties of the actinides, tend to affect 

o k  plant tLEIles 
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the relative sorption OE these dunents to soil partiEles. For example, detailed stad& 
by Waung and GarJand (1 980) have Ied to the expeaation that the order of sorption 

elemeots would be avaitable for plant uptake, and the higher the dcgrce of sqtjon to 
soil particles, the lower the soluble fkacfion. FurtheEmore, Kaplan d al. (1994) found 
Am and Cm to exhibit greater mobility than Pu and Th in groundwater at the 
SaMrmahRioerSite.??lese~~Iendnedencetoourobservationson~ti~plnnt 
uptake of Pq Am and Cm. We beIievt that ditIerences in the 'etfcdve' catioaic charge 
(Choppin and Rao, 1984; Choppin et aL, 1997) expected among the actinides in 
surface soils (3' for Am and Cm; 33+ for V; 4+ for Po and Th) explain the relative 

is Pu*' > Am3+ - Cm" > Np5+. PrrsUmbly. OUIY the Soluble h d ~ n  of rhe~e 

in their mobility and plant uptake. 

4.2. CoAcenCrrchon * ratios 

Geometric mean CRs across aIl crops aie shown by actinide in Fig. 2 Geometric 
means of pht/soiI CRs when separated by crop ran@ &om a low of 2 x 10'' for 
2 3 9 2 ~  in for 24'b hl turnip greens growing b 
the plots without KzS04 fertilizer (Table 4). Resalts for "'Am and '%n an shown 
for plots with (K) and without (NK) &SO4 fmilitu, since the dilkrences were 
gtatisticalIy significant for these actinides Geometric standard deviations for spaific 
cropactinide combinations ranged &om 1.1 to 27. It is dear that pometric mean 
CRs for *b'Am and 2*ccm arc sindar to each other, but substantiaIIy hi&= than 
VaIUes for the other actinides. CRs for 230711 and 23g~2coPu W ~ I Z  also similar to each 
other, but lower than the otbcr actinides. 'lSU appeared to be intermediate between 
Th-Po and Am-Cm m terms of CRS The similarity of plant uptake for Am and Cm, 
and the higher uptake of Amandcm than ps bas beenobserved betore. schreckhise 
and Cline (1980). using SOJ from the Hanford site in Washington (USA) and different 
plant species ( W 4  barley, peas, and cbeatgrass) found the order of plant uptake to 
be Np > Cm = Am > Fb, in agreement with this study. Schultz et d (1976) also 

b e &  to a h&h of 5 x 
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foond Am uptake to exceed Pu uprake. One study, however, found the soil to plant 

The -and range of CRs foundin this study appearto be generally similar 
to dues  obtainalm other studies whezeroot uptakeis the primarymecfianism of 
BcEumpIation (IAEA, 1994). Greenhouse and fidd studies ofwell-aged deposi- 
ts in hami4 densely vegetated areas _pxrally tend to rpfIect root uptake more than 
rain/tuind and subsequent foliar deposition of contaminated soil par- 
tides.Webelieve, basedon the conditions in our study(@ Pu mveqically mixed soil 
in ahomid, M y  m t e d ,  and wind-sheitaed sitel, that root uptake was the prim- 
ary- - of plant contamination Our obscned ranges of CR d u e s  were quite 
hrgc, OM mo odersd-magnitude, depending on the actinide, crops and plant tissue. 
The ran- of values in the literature are also ComparabIy Iars  and ha- been shown 
to vary with soil pH, organic matter, various sod amendments, and basic physical and 
microbial properties of the soil (Adriano et al., 1980; Wildung Bt Garland, 1980). 

Concentration ntios for 13'ICs in our garden plots ranged,f?om 0.22 to 6.8 (See1 
era& 19%) compared to geometric mean C R s  of 21 x 10"-5-3 x for the 
actinides The unasUany hi& CRs for '37Cs were attriiuted to the sandy, acidic, 
nutrient-poor soiI, which lacked signi6cant quantities of2 : 1 lattice clays that imvcrs- 
ibly bind Cs. Apparently, these soil proprties did not m t l y  affect the comparative 
CR values for the actinides. For example, Trabalka and Garten (1963) sbowed ranges 
of CR values for U, T% and Pu m crops grown 00 clay-rich fiood plain soils in 
Temcssee that were v e r y w a r  to ouz valuesin South Carolina Our CR values for 
f*LAm, however, tended to be about an ordersf-magnitude bigher than those from 
the Tennessee study. It is possible that this might have been due to the lower pH of our 

ac pu to be greater than that of Am (Bund & Kracke. 1994). 
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soil (3.84.1 vs. 7-74 rather than clay content difkrences, since Adriano et d. (1980) i f % 
.f s 
4 
E 

dunonstrated a roughly order-of-magnitude depression of 241Am uptake by liming 
southeastern US. soik to reduce thcir acidity- The deaease in adsorption of the 
trivaleat f-elements with decreasbg pff has been demonstrated for SRS soils and 
sediments (Qark et al m press) At the pH ofthe soil used in this study, sorption 
isotherms suggest that onIy 5060% of the trivaIeat actinides wii  be sorbed. 

Ingestion of vegetable crops grown on .the Par Pond lake bed represents one 
potentid exposure pathway to a hypothetical human resident The potential Mective 
dose and health risk from actinides via vwtabIe consumption asiag an EPA 
CERCLA Guidance Scenario involving a 30 year self-suilicient resident (U.S. EPA. 
1991) were caIculated The eaective dose was estimated kom the product of the mean 
actinide concentration across crops (mBq kg"X the total 30 year consumption (kg). 
and the &ective ingestion dose factor (Sv Bq-'A as shown in Table 5. Ihe effective 
dose estimates were then summed over the actinides measured. 

It is evident that the anthropogeaic and DatnraIIy ocmni'ng aainides contribute 
about equaIly to the effeai.re 30 year dose of - 0-07 mSv from all actinides (Table 5). 
This value is only about 0.3% of the effective ingestion dose &om "'Cs, which was 
comparably estimated as - 22 mSv (See1 et al, 1995). The dective dose h m  actinide 
-on via vegetable crops is over two orderr-of-magnitude less than the 
1 &VYear'' limit for the general public (ICRP, 1992). The elkcrive antbropogeaic 
actbide dose, when multipiied by the most current risk factor for fatal and aon-fatal 
cdncer, as as severe hereditary e k t s ,  nmdy 7.3 x lo-' SV" (ICRP, 1992). 
produces a lifcrime risk d about 2 x io-! 
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